Upper-extremity musculoskeletal diseases are highly prevalent in manual-intensive occupations 1) and are a common concern in the modern workplace 2, 3) . Repetitive assembly work is a known risk factor for musculoskeletal diseases and overload injuries 4) . Stooping and kneeling postures that involve sustained knee and trunk flexion are required to complete below-the-knee assembly work. Multiple studies have reported that these postures are potential risk factors for work-related musculoskeletal disease 5) and are related to neck and shoulder pain 6) . Muscle activity indicates that an increase in muscular demand is related to shoulder pain and other musculoskeletal disorders 7) . In addition to muscle activity, the position at which tasks are conducted is also important; variation in the height from which boxes are handled, along with the weight, affected upper limb movements during manual handling of industrial boxes 8) . However, few studies have evaluated the effects of different below-the-knee assembly work heights and distances. The purpose of this study was to evaluate the physical risk factors (height and distance) associated with upper extremity disorders among belowthe-knee assembly workers. The goal of this study was to determine if the height of or distance from the workstation represented the greatest risk of injury and identify below-the-knee work conditions that would minimize upper extremity muscle activity and injury.
Subjects and Methods

Subjects
Fifteen right-handed males with a mean age of 21.5 ± 1.5 years, height of 174.7 ± 7.6 cm. and weight of 67.9 ± 10.3 kg participated in this study. The participants were not accustomed to repetitive belowthe-knee assembly work and had no previous history of orthopedic disorders affecting the neck or shoulder Abstract: Effect of workstation height and distance on upper extremity muscle activity during repetitive below-the-knee assembly work: Seung-Je SHIN, et al. Department of Physical Therapy, The Graduate School, Inje University, Republic of Korea-Objectives: To determine the activity of the upper trapezius, serratus anterior, anterior deltoid, biceps brachii. and lower trapezius muscles in healthy adults during belowthe-knee assembly work. Methods: Fifteen righthanded male subjects participated in this study. The electrical activities, measured by EMG, of the right upper trapezius, serratus anterior, anterior deltoid, biceps brachii. and lower trapezius were measured during below-the-knee assembly work at four workstations of varying height and distance from the participant (workstation 1, below-the-knee assembly work with a height of 15 cm above the floor and a reach distance of 30 cm; workstation 2, height of 15 cm and distance of 45 cm; workstation 3, height of 30 cm and distance of 30 cm; workstation 4, height of 30 cm and distance of 45 cm). Muscle activity at the four workstations was represented as a percentage of the reference voluntary isometric contraction (RVIC). Results: Height: Upper and lower trapezius activity increased significantly during below the knee assembly work as height above the floor increased. The activities of the serratus anterior and biceps brachii muscles increased significantly during low-height below-the-knee assembly work. Distance: The activities of the upper trapezius, serratus anterior, anterior deltoid and biceps brachii increased significantly during below-the-knee assembly work at a far distance (45 cm). The lower trapezius muscle activity increased significantly during below-the-knee assembly work at a close distance (30 cm). Conclusions: Below-knee workers should engage in work close to themselves, since distance appears to be a stronger risk factor for injury than height above the floor. 
Measurement and data collection
Surface EMG data were collected with a Trigno wireless system (Delsys, Boston, MA, USA). Signals were amplified and band-pass filtered (20−450 Hz) before being digitally recorded at 2,000 samples/s. Then the root mean square (RMS) was calculated. Before attaching electrodes, the skin was prepared by shaving the site and cleaning it with alcohol to reduce skin impedance. Surface electrodes (Trigno sensors, Delsys) were placed at five locations on the following muscles of the right (dominant) side: 1) upper trapezius (2 cm lateral to the midpoint of a line drawn between the C7 spinous process and the posterolateral acromion), 2) serratus anterior (vertically along the midaxillary line at ribs 6−8), 3) anterior deltoid (anterior aspect of the arm, ~4 cm below the clavicle running parallel to the muscle fibers), 4) biceps brachii (two electrodes (2 cm apart) parallel to the muscle fibers at the center of the dorsal muscle mass located with the arm flexed in the supinated position). and 5) lower trapezius (oblique angle, centered at a point 10 cm medial to the inferior angle of the scapula) 9) . EMG data were normalized using the reference voluntary isometric contraction (RVIC) of all muscles and measurements were obtained by the same examiner. To collect RVIC data, participants were asked to wear a 7-lb sandbag on each forearm. The RVIC was measured for all muscles while seated and while raising the arms in the scaption plane (almost 35° anterior to the frontal plane) until the shoulder was flexed at a 90° angle 10) . Participants maintained this posture for 3 seconds, and the mean muscle activity of two trials was recorded as the RVIC. Participants were allowed to rest for 2 minutes between trials to prevent muscle fatigue. All participants performed below-the-knee assembly work (bolt and nut assembly) for 3 minutes per workstation using the same workstations.
Four below-the-knee assembly workstations with the following heights above the floor and distances from the participants were used: 1) height 15 cm and distance 30 cm, 2) height 15 cm and distance 45 cm, 3) height 30 cm and distance 30 cm. and 4) height 30 cm and distance 45 cm (Fig. 1) . The testing order of the workstations was randomized. The electrical activities of the right upper trapezius, serratus anterior, anterior deltoid, biceps brachii. and lower trapezius were measured at each below-the-knee assembly workstation. EMG signals were collected for 3 minutes, and the first and last 10 seconds were discarded. During data collection, participants were barefoot.
Statistical analyses
Data were subjected to two-way repeated-measures analysis of variance (ANOVA). The two factors were height and distance. A Bonferroni correction was performed to identify specific differences between multiple pairwise comparisons. The SPSS software version 20.0 (IBM, Armonk, NY, USA) was used for statistical analyses. A p<0.05 was considered to indicate statistical significance.
Results
Effect of height
Muscle EMG data are presented as percentages of the RVIC. The electrical activities of the upper and lower trapezius were decreased significantly at workstation 1 compared with workstation 3 (p<0.05, Table 1 ). The lower trapezius activity was also decreased significantly at workstation 2 compared with workstation 4 (p<0.05, Table 1 ). In contrast, the activities of the serratus anterior and biceps brachii were increased significantly at workstation 2 compared with workstation 4 (p<0.05, Table 1 ). 
Effect of distance
The electrical activities of the upper trapezius, serratus anterior, anterior deltoid. and biceps brachii were decreased significantly at workstation 1 compared with workstation 2 (p<0.05, Table 1 ). In contrast, the lower trapezius activity was increased significantly at workstation 1 compared with workstation 2 (p<0.05, Table 1 ). The upper trapezius, serratus anterior. and anterior deltoid muscle activities were also decreased significantly at workstation 3 compared with workstation 4 (p<0.05, Table 1 ).
Effect of height and distance
The activities of the serratus anterior and biceps brachii muscles generally decreased significantly as the height at which the below-the-knee assembly work was performed increased. The electrical activities of the serratus anterior and biceps brachii were increased significantly at workstation 2 compared with workstation 4 (p<0.05, Table 1 ). The activities of the serratus anterior and biceps brachii muscles generally increased significantly as the distance at which the below-theknee assembly work was performed increased. The electrical activities of the serratus anterior and biceps brachii were decreased significantly at workstation 1 compared with workstation 2 (p<0.05, Table 1 ). The electrical activity of the serratus anterior was decreased significantly at workstation 3 compared with workstation 4 (p<0.05, Table 1 ). A statistically significant interaction existed between the two heights (15 cm and 30 cm) and two distances (30 cm and 45 cm) (p<0.05, Table 1 ).
Discussion
This study investigated the electrical activity of the upper trapezius, serratus anterior, anterior deltoid, biceps brachii. and lower trapezius muscles in healthy adult participants during below-the-knee assembly work with four different height and distance combinations.
Upper and lower trapezius activity increased significantly during below-the-knee assembly work as height above the floor increased. The activities of the serratus anterior and biceps brachii muscles increased significantly during low-height below-the-knee assembly work. Multiple EMG studies have investigated the role of upper trapezius, serratus anterior and lower trapezius muscle activity in upper-limb musculoskeletal disease 11, 12) . As the shoulder flexion angle increases during active arm elevation, the activity of the upper trapezius, lower trapezius, serratus anterior and anterior deltoid muscles increases 13) . Anton et al. 14) . investigated muscle activity during overhead drilling while using either a high or low stepladder with the work site at close, medium or far reach distances. Anton et al. 14) . found that the activity of the anterior deltoid and triceps brachii muscles increased on the low stepladder, irrespective of a close or far reach distance; however, the biceps brachii muscle activity was increased on the low stepladder with a far reach distance, but increased on the high stepladder with the close and medium reach distances. The results of the present study support this previous research, as the activities of the upper and lower trapezius increased during below-the-knee assembly work at a height of 30 cm compared with that at a lower height (15 cm). Also, the activities of the serratus anterior and biceps brachii were increased during low-height below-theknee assembly work compared with work at a greater height.
The activities of the upper trapezius, serratus anterior, anterior deltoid and biceps brachii increased significantly during below-the-knee assembly work at a far distance (45 cm). The lower trapezius muscle activity increased significantly during below-the-knee assembly work at a close distance (30 cm). Anton et al. 14) . reported that the activities of the biceps brachii and anterior deltoid muscles increased when performing overhead work positioned far from the body, and Haslegrave et al. 15) . found that working with the arms away from the body increases the potential for shoulder disorders. These results indicate that moving tasks closer to below-the-knee assembly workers would decrease the activity of the upper trapezius, serratus anterior, anterior deltoid. and biceps brachii muscles. The activities of the serratus anterior and biceps brachii muscles generally decreased significantly as the height at which the below-the-knee assembly work was performed increased. The activities of the serratus anterior and biceps brachii muscles generally increased significantly as the distance at which the below-the-knee assembly work was performed increased. These results indicate that the increased activity of the serratus anterior and biceps brachii muscles of below-the-knee workers during low-height work may lead to scapular protraction and eccentric contraction. They also show that the activities of the serratus anterior and biceps brachii muscles increased significantly in below-the-knee assembly with far reach distances.
Below-knee assembly work is a risk factor for musculoskeletal disorders. A limitation of this study was the small sample size. In addition, participants were not accustomed to repetitive below-the-knee assembly work, and fatigue was purposefully minimized. Further studies should include female participants and subjects who are accustomed to below-theknee assembly work.
Conclusion
Workers should engage in below-the-knee work close to their bodies, since distance appears to be a stronger risk factor for injury than height above the floor.
